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Corncob formation in dental plaque was believed to be limited to strains of
Bacterionema matruchotii and Streptococcus sanguis. We observed recently that
strains of Fusobacterium nucleatum also interacted with S. sanguis to form
corncobs. Since the fusobacteria are among the first anaerobic filaments to
colonize subgingival plaque, these interactions could serve as a connecting link
between the transformation of supra- to subgingival plaque. To further character-
ize these interactions, quantitative in vitro studies of the kinetics of corncob
formation of the fusobacteria were undertaken. These studies indicated that fewer
streptococci were needed to saturate F. nucleatum strain 364 compared to strain
10953. Corncob formation with both strains was enhanced with increasing pH up
to pH 8, at which point autoaggregation of the streptococci occurred. Variation in
ionic strength and divalent cations had little effect on the interaction, and EDTA
suppressed aggregate formation only slightly. Detergents at concentrations above
0.05% also inhibited corncob formation. Electron micrographs suggested that
attachment of the cocci to the fusiforms was mediated through localized tufts of
fimbriae, as they are in the Bacterionema system. However, although both trypsin
and heat treatment of the streptococci inhibited corncob formation with fusobac-
teria, the effects were not as complete as those seen in Bacterionema species.
Unlike the Bacterionema model, trypsin and heat treatment of the fusobacteria
resulted in inhibition of corncob formation. These results suggest that several
different receptors may be involved in corncob formation.

Dental plaque is an accumulation of oral bac-
teria in an adherent matrix of polysaccharide
and other bacterial and host products on tooth
surfaces. Although the quantitative microbial
composition is highly variable, plaque formation
is usually characterized by an ordered succes-
sion of cocci followed by filamentous forms (1,
11, 21). A dominant organism in the initial
colonization of the tooth surface is Streptococ-
cus sanguis (3-5); this appears to be associated
with the affinity of the organism for the salivary
glycoproteins in the acquired pellicle on the
tooth surface (27). The streptococci in these nidi
multiply to form microcolonies (23) which sub-
sequently are "invaded" by a mixture of gram-
positive rods, anaerobic gram-negative cocci,
and filaments characteristic of mature supragin-
gival plaque (11). A number of environmental
factors, including alterations in the redox poten-
tial, appear to play a part in the appearance of
filaments (21). An especially important factor
may be the specific interaction of the surface of
the filaments with the surfaces of the streptococ-
ci. The most common species of oral streptococ-

ci involved in these reactions also appears to be
S. sanguis (23).

S. sanguis forms aggregates with Actinomyces
spp. (2, 6, 7, 12), Streptococcus mutans (24),
Bacteroides spp. (25), and Bacterionema sp. (8-
10, 14-17, 26). The aggregates with Bacterion-
ema sp. are of particular interest because they
form highly specific morphological units re-
ferred to as "corncobs" (8). These units consist
of a filamentous organism surrounded by
adherent cocci (8, 10, 14-17) and resemble an
ear of corn. Although the corncob was originally
thought to be associated only with specific
strains of S. sanguis and Bacterionema matru-
chotii, we have found that corncobs are also
formed between S. sanguis and Fusobacterium
nucleatum. The fusobacteria are major inhabi-
tants of subgingival plaque (13), and corncob
formation with fusobacteria may serve as a
connecting link between supra- and subgingival
plaque. Study of the factors affecting corncob
formation with the fusobacteria could be impor-
tant for understanding plaque maturation and for
developing strategies of prevention.
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MATERIALS AND METHODS

Strains, media, storage, and growth conditions. The
streptococcal strains used in this study, CC5A and
G9B, have been described previously (1, 9). Strepto-
cocci were grown in brain heart infusion broth at 37°C.
F. nucleatum 10953 and B. matruchotii 14266 were

obtained from the American Type Culture Collection,
Rockville, Md., and F. nucleatum 364 was obtained
from S. S. Socransky, Forsyth Dental Center, Boston,
Mass. The Fusobacterium strains were grown in 100
ml of brain heart infusion broth supplemented with
0.2% yeast extract, 0.05% L-cysteine, and 0.5% sodi-
um bicarbonate under anaerobic conditions (Gas-Pak;
BBL Microbiology Systems, Cockeysville, Md.).

Culture harvesting. The streptococcal cultures were
harvested by centrifugation at 9,000 x g for 15 min at
4°C. The cell pellets were suspended in 1/10 the
original volume in 0.15 M NaCl and pelleted. This
procedure was repeated once more, and the final pellet
was suspended in 0.15 M NaCl to a value of 1,000
Klett units at 470 nm. The Fusobacterium cultures
were treated similarly, except that centrifugation was

at 12,000 x g. The cell suspensions were stored on ice
until used (maximum, 7 days). No changes in the
ability of the cells to form corncobs were observed
during this time.

Radioactive labeling conditions. Streptococci were
labeled with [methyl-3H]thymidine at a concentration
of 1 to 2 ,uCi/ml of brain heart infusion broth as

described previously (1, 9). The specific activity of the
labeled streptococci was approximately 2.4 x 104
cells/cpm (CC5A) and 1.3 x 105 cells/cpm (G9B).
Corncob assay procedure. The reaction mixture con-

sisted of 50 of Fusobacterium suspension (contain-
ing approximately S x 107 fusobacteria), 175 ,ul of
streptococcal suspension (containing 1.8 x 10' strep-
tococci), and 1,775 ,u1 of buffer in a polystyrene 12- by
75-ml test tube (W. Sarstedt, Inc., Princeton, N.J.).
The buffer was either 0.05 M Tris-hydrochloride (pH
8.0) or 0.05 M sodium phosphate (pH 7.0); the reaction
mixtures were incubated for 1 h at 37°C on a rocking
platform mixer (LabQuake; Labindustries, Inc.,
Berkeley, Calif.). The presence of corncobs was as-

sayed both microscopically and quantitatively by re-
tention on 5-p.m filters (Nucleopore Corp., Pleasan-
ton, Calif.) as described previously (9). Kinetic data
were plotted as the mean values calculated from
triplicate samples.

Effects of pH, salts, and detergents on corncob forma-
tion. Sodium, potassium, magnesium, and calcium, as

either chloride or acetate salts, were tested for their
effects on corncob formation when added to the reac-

tion mixture in the range of 100 to 500 mM. EDTA was

also tested in the same range. Ionic effects were

evaluated in both sodium phosphate and Tris-hydro-
chloride buffers with buffer concentrations ranging
from 10 to 500 mM. The effects of pH and detergents
(sodium dodecyl sulfate and Triton X-100) in the
concentration range of 0.01 to 1% (vol/vol) on corncob
formation were determined.

Electron microscopy. For transmission electron mi-
croscopy, cells and corncobs were fixed by a two-step
regimen. Entire corncob reaction mixtures were made
0.25% in redistilled glutaraldehyde (Baker, Thomas
Scientific Co., Philadelphia, Pa.) and incubated at 4°C
overnight in the dark. The mixtures were then made

2.5% in glutaraldehyde. The fixed corncobs were
enrobed in warm Nobel agar, and the resulting pellets
were washed four times in cold phosphate buffer and
postfixed in 2% (wt/vol) osmium tetroxide for 1 h at
4°C. The pellets were then washed once in phosphate
buffer, dehydrated through a graded ethanol series,
and embedded in Epon. Thin sections were cut on a
Porter-Blum MT-2 ultramicrotome, stained with ura-
nyl acetate and lead citrate (20), and examined in a
JOEL 1OOS transmission electron microscope.

Samples for scanning electron microscopy were
prepared as described previously (19) and examined in
a JOEL 25S scanning electron microscope.

Saliva-coated hydroxyapatite adherence assays. Sali-
va-coated hydroxyapatite adherence assays were per-
formed as previously described (1). Briefly, [3H]thy-
midine-labeled S. sanguis G9B cells were used as
reference cells in competition assays. Increasing
amounts of unlabeled F. nucleatum 364 or 10953 cells
were added to a fixed concentration of G9B cells in the
presence of saliva-coated hydroxyapatite beads, and
the amount of radiolabeled cells adhering to the beads
was quantitated. The results were expressed as a
function of the percentage of bound labeled cells in the
total cell mixture, relative to control assays with no
fusobacteria added.

Heat and trypsin treatment. Samples of cells to be
heat treated were centrifuged in a Microfuge (Fisher
Scientific Co., Pittsburgh, Pa.) for 1 min at 13,000 x g.
The pellets were resuspended in an equal volume of
buffer and placed in a 70°C water bath. After appropri-
ate time periods, tubes were removed and centrifuged
once more, the pellets were resuspended in fresh
buffer, and the suspensions were assayed for ability to
form corncobs. Samples of cells to be trypsin treated
were similarly pelleted. The pellets were resuspended
in an equal volume of 0.05 M Tris-hydrochloride buffer
(pH 8.0) containing 0.5 mg of trypsin per ml (Sigma
Chemical Co., St. Louis, Mo.) and incubated at 37°C
in a water bath. At the end of the incubation period,
the tubes were centrifuged, and the pellets were
washed three times with buffer and resuspended in
buffer containing 0.5 mg of soybean trypsin inhibitor
(Sigma) per ml. Controls indicated that the inhibitor
had no effect on corncob formation. The tubes were
incubated for 30 min at 37°C and centrifuged, and the
pellets were washed as described above and resus-
pended to the original volume before corncob assay.

RESULTS
Morphological observations. When strains of

F. nucleatum were mixed with S. sanguis and
examined by phase-contrast microscopy, corn-
cob formation similar to that observed with
Bacterionema sp. and S. sanguis was seen (Fig.
1) (9). The streptococci were arranged along the
surface of the filament, and at saturation, the
filament was completely obscured. At subsatur-
ating conditions, the arrangement of the strepto-
cocci was random. Scanning electron micro-
graphs revealed that the association of F.
nucleatum and S. sanguis (Fig. 2A) had a mor-
phology similar to that seen in the Bacterionema
model. Thin sections of corncobs shown in Fig.
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FIG. 1. Phase-contrast micrographs of in vitro
corncobs formed between (A) S. sanguis CC5A and B.
matruchotii 14266 and (B) S. sanguis CC5A and F.
nucleatum. Bar, 2 ,um.

2B suggest that the streptococci bind to the
filament through the localized "fuzz" (fimbriae)
which is found on the surface of S. sanguis
CC5A (16). The fimbriae appear to be in direct
contact with the outer surface of F. nucleatum.

Kinetics of coaggregation. The time course of
the reaction of the fusobacteria with S. sanguis
CC5A is shown in Fig. 3. The reaction was
extremely rapid; within 5 to 10 min, 50% of the
total streptococci which bound at saturation

were aggregated. An incubation time of 1 h was
chosen for the standard assay.
The addition of increasing numbers of strepto-

cocci to a constant number of fusobacteria (8.5
x 107 cells) resulted in a typical saturation curve
(Fig. 4). Saturation of the fusobacteria was ob-
tained at an input of 5 x 109 streptococci. A
comparison of the saturation kinetics of the two
strains of F. nucleatum revealed that strain 364
appeared to bind fewer streptococci than strain
10953. These kinetic experiments were per-
formed in phosphate buffer at pH 7.0. When the
experiments were repeated in Tris-hydrochlo-
ride buffer at pH 8.0, the strain differences were
abolished (data not shown). A more detailed
examination of this phenomenon demonstrated
that the kinetic differences were due to the pH of
the reaction; at a pH of 7.5 or greater, in either
phosphate or Tris buffer, the saturation curves
for both strains of fusobacteria were identical.
Corncob formation appeared to increase with
increasing pH, up to pH 8, in either sodium
phosphate or Tris-hydrochloride buffer. At high-
er pH values, the streptococci showed extensive
aggregation, whereas acidic conditions sup-
pressed coaggregation.

Effects of inorganic compounds and detergents
on coaggregation. The addition of sodium, potas-
sium, magnesium, or calcium, as either the
chloride or acetate salts, had no effect or result-
ed in erratic effects on coaggregation. The vari-
ous salts were tested at concentrations ranging
from 100 to 500 mM, and, generally, increasing
salt concentrations increased aggregation of the
streptococci in the controls. The magnesium
salts appeared to show a slight stimulation of
coaggregation, and chelating agents such as
EDTA demonstrated only a slight suppression of
coaggregation. Ionic effects were also minimal,
since changes in the concentration of either

B

fm

FIG. 2. Electron microscopy of in vitro corncobs. (A) Scanning electron micrograph of F. nucleatum-S.
sanguis CC5A corncobs. Bar, 1 pum. (B) Thin section of F. nucleatum-S. sanguis CC5A corncobs. fm, Fimbriae.
Bar, 0.1 ,um.
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FIG. 3. Number of S. sanguis CC5A cells bound to F. nucleatum as a function of time of incubation. Open
circles, F. nucleatum 364; closed circles, F. nucleatum 10953.

sodium phosphate or Tris-hydrochloride ranging
from 10 to 500 mM neither stimulated nor de-
pressed coaggregation. At concentrations above
0.05%, detergents such as sodium dodecyl sul-
fate and Triton X-100 abolished corncob forma-
tion. On the basis of these results, no additional
salts or reagents were added to the standard
assay buffer.

Effect of heat and protease treatments on corn-

cob formation. The F. nucleatum strains were

heated at 70°C for various periods of time and
then assayed for corncob formation with un-

treated S. sanguis CCSA (Fig. 5). After being
heated for 30 min, strain 10953 showed 86%

inhibition of corncob formation, whereas strain
364 reached a maximum value of inhibition
(54%) after only 5 min of heating. Heat treat-
ment of S. sanguis CCSA resulted in a maximum
inhibition of corncob formation 5 min after expo-
sure; a 32% inhibition was seen with strain 364
and 35% with strain 10953. F. nucleatum 364 and
10953 were also treated with trypsin, followed
by trypsin inhibitor, and assayed for corncob
activity (Fig. 6A). Rapid inhibition of corncob
formation was obtained after trypsin treatment
for 30 min, and corncob formation was inhibited
between 50 and 60% for strains 364 and 10953.
Trypsin also abolished the corncob activity of S.
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FIG. 4. Number of S. sanguis CC5A bound to a constant amount of F. nucleatwm as a function of the number

of cocci added. Symbols are explained in the legend to Fig. 3.
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FIG. 5. Effects of heat treatment on corncob formation. Open squares, heat-treated F. nucleatum 364

assayed with untreated S. sanguis CCSA; closed squares, heat-treated F. nucleatum 10953 assayed with
untreated CC5A; open circles, treated S. sanguis CC5A assayed with untreated F. nucleatum 364; closed circles,
treated S. sanguis CC5A assayed with untreated F. nucleatum 10953.

sanguis CC5A just as rapidly; 50% inhibition
was observed with untreated strain 364, and 76%
inhibition was observed with untreated strain
10953 (Fig. 6B).
Although the results of the heat and trypsin

experiments suggested that protein(s) or mole-

cules associated with surface protein might be
involved in corncob formation, they also sug-
gested different sensitivities between the strains
of F. nucleatum tested.

Relationship of corncob formation to in vitro
plaque development. Corncobs were also formed
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FIG. 6. Effects of trypsin treatment on corncob formation. Cells were treated with 0.5 mg of trypsin per ml,
followed by 0.5 mg of trypsin inhibitor per ml. (A) Trypsin-treated F. nucleatum assayed with untreated S.

sanguis CC5A. (B) Trypsin-treated CC5A assayed with untreated F. nucleatum. Open circles and squares, F.

nucleatum 364; closed circles and squares, F. nucleatum 10953.
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with S. sanguis G9B, which has been used
extensively in studies of in vitro plaque forma-
tion (1). To determine the effect of corncob
formation on plaque formation, the F. nuclea-
tum strains were mixed with 3H-labeled S. san-
guis G9B in the presence of saliva-coated hy-
droxyapatite, and adhesion was compared with
that of controls in the absence of the fusobac-
teria. The results indicated a 60% increase in S.
sanguis G9B adhesion in the presence of F.
nucleatum 364 and a 178% increase in adhesion
when strain G9B was mixed with strain 10953.

DISCUSSION
There are some similarities and differences

between corncob formation involving Bacterio-
nema sp. and Fusobacterium spp. The similar-
ities are in their morphological resemblance to
each other, their relative tolerance to ionic
strength and various cations, and their sensitiv-
ity to EDTA. The Bacterionema model exhibit-
ed a distinct optimum at pH 6.5, whereas corn-
cob formation in the Fusobacterium system
increased as the pH was increased to 8, above
which streptococcal aggregation interfered with
the measurement of corncob formation. The
Bacterionema corncobs seem to be relatively
insensitive to detergents, whereas Fusobacter-
ium corncobs are markedly inhibited by sodium
dodecyl sulfate and Triton X-100.
Although morphologically both systems ap-

pear to be similar in that attachment of the
streptococci to the filaments appears to be medi-
ated through the localized fimbriae on S. sanguis
CC5A, strains such as S. sanguis G9B, which do
not appear to have such localized tufts, can form
corncobs with fusobacteria but not with Bacteri-
onema sp. However, the failure to detect local-
ized tufts of fimbriae in some strains may be due
to technical difficulties. Attempts to overcome
these problems are being investigated, since it
has been reported that such localized tufts are
much more common than formerly thought (P.
Handley, personal communication). Indeed,
Handley has suggested that at least four mor-
phologically distinct types of localized tufts are
found in S. sanguis. However, differences in the
conditions between corncob formation in Bac-
terionema sp. and Fusobacterium spp. suggest
that different surface polymers or binding sites
are involved.

In contrast to the Bacterionema model, tryp-
sin and heat treatment of fusobacteria result in a

reduction of corncob formation; similar treat-
ments of Bacterionema sp. do not inhibit aggre-

gate formation. Although trypsin treatment of
the streptococci does reduce corncob formation
in both systems, inhibition in the Bacterionema
model is greater. Mouton et al. (16) have shown
that lipoteichoic acid is present in the localized

tufts of S. sanguis CC5A, and their studies, as
well as those of others, have suggested that such
fimbriae may also contain protein and carbohy-
drate (17). If the lipoteichoic acids are intimately
associated with fimbriae proteins, as suggested
by Ofek et al. (18), then trypsin treatment might
not only remove surface proteins but could also
solubilize the associated teichoic acids. Thus,
these experiments still leave open the possibility
that both protein and teichoic acids may play a
role in corncob formation. Whatever the nature
of the surface structures which are ultimately
found to be involved in the process, our studies
suggest that corncob formation is a more general
phenomenon and may indeed be one of the
mechanisms allowing for a change of the charac-
teristic gram-positive supragingival plaque to a
more gram-negative filamentous subgingival
plaque.
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